Background: Uncertainty remains about the nature of transition states along the reductive half-reaction of glycolate oxidase. Results: Deuterated glycolate and solvent slow down plant glycolate oxidase catalysis to a modest extent. Conclusion: Isotope effects support a hydride transfer mechanism and indicate glycolate deprotonation to be only partially rate-limiting. Significance: Understanding the catalytic mechanism of the enzyme is crucial for designing drugs/herbicides to inhibit its activity. . 3 The abbreviations used are: GOX, glycolate oxidase; Rubisco, ribulose-1,5bisphosphate carboxylase/oxygenase; KIE, kinetic isotope effect; SIE, solvent isotope effect.
In plants, glycolate oxidase is involved in the photorespiratory cycle, one of the major fluxes at the global scale. To clarify both the nature of the mechanism and possible differences in glycolate oxidase enzyme chemistry from C 3 and C 4 plant species, we analyzed kinetic parameters of purified recombinant C 3 (Arabidopsis thaliana) and C 4 (Zea mays) plant enzymes and compared isotope effects using natural and deuterated glycolate in either natural or deuterated solvent. The 12 C/ 13 C isotope effect was also investigated for each plant glycolate oxidase protein by measuring the 13 C natural abundance in glycolate using natural or deuterated glycolate as a substrate. Our results suggest that several elemental steps were associated with an hydrogen/deuterium isotope effect and that glycolate ␣-deprotonation itself was only partially rate-limiting. Calculations of commitment factors from observed kinetic isotope effect values support a hydride transfer mechanism. No significant differences were seen between C 3 and C 4 enzymes.
Glycolate oxidase (EC 1.1.3.15; glycolate:oxygen oxidoreductase; GOX 3 ) is a peroxisomal enzyme that converts glycolate into glyoxylate with the production of hydrogen peroxide from O 2 via a flavin mononucleotide (FMN)-mediated reaction. This enzyme is a member of the ␣-hydroxy-acid oxidase superfamily, which includes short-chain and long-chain hydroxy-acid oxidases, lactate oxidase, and the flavin-binding domain of yeast flavocytochrome b 2 (1) . It appears that plant and animal GOXs (short-chain ␣-hydroxy-acid oxidases) arose from a common eukaryotic GOX ancestor that originated from a bacterial lactate oxidase (2) . In mammals, GOX is responsible for the production of oxalate (3) , and therefore it is a potential site for therapeutic agents to treat primary hyperoxaluria (4), a genetic disorder that leads to large kidney stones due to calcium oxalate deposition. In plants, GOX is involved in the photorespiratory cycle, a metabolic pathway that recycles phosphoglycolate from ribulose-1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39) (Rubisco)-catalyzed oxygenation. Photorespiratory glycolate oxidation by terrestrial vegetation represents a flux of nearly 3 Pmol/year and is thus one of the major fluxes at the global scale (5) .
To date, the best characterized GOX in terms of structure, kinetics, and biochemical properties is from spinach leaves (Spinacia oleracea). The three-dimensional structure of spinach GOX has identified Ser 106 , Tyr 129 , Thr 155 , and Lys 230 as important residues in the stabilization of the FMN cofactor, whereas Tyr 24 , Tyr 129 , and Arg 257 are involved in substrate binding. His 254 is essential for catalysis as it is involved in the proton abstraction from the glycolate C2 atom (6) . This role was found in other ␣-hydroxy-acid oxidase superfamily members because mutation of the equivalent His residue (H373Q for flavocytochrome b 2 and H290Q for lactate oxidase) led to reduced activities and substrate K m values or inactive recombinant proteins (7, 8) . The recent structure of human liver GOX has indicated the conservation of the active site residues between plant and animal enzymes (9) . A ping-pong bi-bi reaction mechanism composed of two half-reactions has been proposed for GOX. In the reductive half-reaction, after the reversible formation of the Michaelis complex between the enzyme and glycolate, protons are abstracted from glycolate C2 and accepted by the FMN (Fig. 1) . The complex is then dissociated, and glyoxylate is released. Stopped-flow studies using recombinant GOX produced in bakers' yeast (Saccharomyces cerevisiae) suggested the FMN reduction step of GOX catalysis to be rate-limiting (10) . In the oxidative half-reaction, FMN is reoxidized by O 2 to produce hydrogen per-oxide. Recently, new spectroscopy advances have been used to indicate that reduced FMN undergoes a two-step oxidation in recombinant human liver GOX (11) .
Despite the current knowledge of the chemical basis of GOX catalysis, uncertainty remains about the nature of transition states along the reductive half-reaction. Two scenarios (see Fig.  2 ) are described in the literature that differ by the position of the first abstracted proton and thus the sequence of elemental steps. In the carbanion-based mechanism ( Fig. 2a ), the side chain of a crucial histidine residue (His 254 in spinach GOX) abstracts the ␣-proton from the C2 atom of glycolate, leading to the formation of a negatively charged intermediate. The proton of the hydroxyl group attached to the C2 atom of glycolate is then abstracted by the N5 of the FMN. In the hydride transfer mechanism (Fig. 2b) , the two protons are abstracted in a concerted manner with the side chain of the His residue abstracting the proton of the hydroxyl group of glycolate, and at the same time, the ␣-proton is transferred to the N5 atom of the FMN (see Ref. 12) . Interestingly, previous studies have shown differences between the kinetic parameters of GOXs from C 3 and C 4 plant species. GOX from C 4 species appear to have a lower K m for glycolate (10 M for Amaranthus hypochondriacus and 23 and 65 M for Zea mays guard cells and mesophyll cells, respectively) compared with C 3 species (330 M for Cucurbita pepo cotyledons, 300 M for Pisum sativum, 1 mM for S. oleracea, and 1.9 mM for Arabidopsis thaliana GOX2) (13-16). These obser-FIGURE 1. Formal mechanism of the GOX-catalyzed reaction. In the reductive half-reaction, after the formation of the Michaelis complex GOX-glycolate, protons are abstracted from glycolate and accepted by the FMN. The enzyme-substrate complex is dissociated, and glyoxylate is released. In the oxidative half-reaction, FMN is reoxidized by O 2 to produce hydrogen peroxide. The notation for rate constants (k 1 , k 2 , k 3 , k 4 , and k 5 ) follows that of Macheroux et al. (10) . FIGURE 2. Possible mechanisms of glycolate deprotonation catalyzed by GOX. a, carbanion-based stepwise mechanism. b, concerted hydride transfer. The interactions within the active site between glycolate (black), Tyr 24 and Tyr 129 (red), His 254 (green), and the isoalloxazine ring of FMN (blue) are shown, and additional interactions with other residues are omitted for clarity. Note that the two mechanisms presented differ by the nature of the first proton being attacked by His 254 . In b, proton abstraction from O2 (hydroxyl) and C2 (␣-proton) are shown as two separate steps, but they may occur within the same reaction elemental step (asynchronous concerted rearrangement).
vations suggest potential differences in substrate binding and perhaps reaction velocity kinetics. Such differences would correspond to an adaptation to cellular metabolic conditions, that is the naturally lower glycolate contents in C 4 plants due to the reduced photorespiration. Furthermore, it might be hypothesized that the enzyme from C 3 species would have a larger V max to ensure maximal glycolate conversion at high photorespiratory rates. However, there is presently little data that compare the catalytic effectiveness of C 3 and C 4 enzymes, including the determination of limiting steps.
As an aid in clarifying both the nature of the mechanism and possible differences in C 3 and C 4 enzyme chemistry, we analyzed the kinetics of recombinant C 3 and C 4 enzymes using isotope effects. Kinetic parameters of purified recombinant GOX1 (At3g14420) and GOX2 (At3g14415) from A. thaliana (the two GOX genes highly expressed in leaves) and GO1 from Z. mays (the gene giving a photorespiratory phenotype when mutated (17)) were compared using natural and deuterated glycolate in either natural or deuterated solvent. The 12 C/ 13 C isotope effect was also investigated for each plant GOX protein by measuring the 13 C natural abundance in glycolate using natural or deuterated glycolate as a substrate. Our results suggest that several elemental steps are associated with an hydrogen/deuterium isotope effect and that glycolate ␣-deprotonation itself is only partially rate-limiting. Calculations of commitment factors from observed kinetic isotope effect (KIE) values support a hydride transfer mechanism. No significant differences were seen between C 3 and C 4 enzymes.
EXPERIMENTAL PROCEDURES

Constructs to Express Plant GOX Proteins in Escherichia coli
Cells-The coding regions of AtGOX1 and ZmGO1 were PCRamplified using different cDNA templates, gene-specific primers with added restriction enzyme sites (AtGOX1-NheI and AtGOX1-XhoI; ZmGO1-NheI and ZmGO1-XhoI), and Taq polymerase (Promega). Total RNA was extracted from A. thaliana rosette leaves using TRIzol as in Jossier et al. (18) . All other DNA manipulations such as plasmid isolation, E. coli transformation, ligations, and restriction analyses were standard techniques. The template for Arabidopsis GOX1 was a cDNA made from reverse transcribed RQ1 DNase-treated total RNA from rosette leaves using AtGOX1-F and AtGOX1-R primers. The template for Z. mays GO1 was a full-length cDNA ordered from Arizona Genomics Institute (clone ZM_BFc0135O12). The templates were diluted and used for PCR amplification. The gene-specific primers were as follows: AtGOX1-NheI, CGGCTAGCGAGATCACTAACGTTACCG; AtGOX1-XhoI, GGGCTCGAGCTATAACCTGGCTGAAGGAC; ZmGO1-NheI, CGGCTAGCGGGGAGATCACCAATGTCATG; ZmGO1-Xho1, GGGCTCGAGCTACAAGCGCGACGGG-ATG; AtGOX1-F, ACACTTCGGCATATGGAGATCACTA-ACGTT; and AtGOX1-R, ATTTTCCCTCGAGTAACC-TGGCTGAAGGACG.
Each PCR-amplified product was purified using a PCR CleanUp kit (Macherey-Nagel), cloned into the pGEMT easy vector (Promega), and sequenced (MWG Operon, Eurofins). The verified coding sequences were transferred to the pET28a expression vector (Novagen) after digestion with NheI and XhoI restriction enzymes (Promega) and overnight ligation. All final constructs were verified by restriction analyses using purified plasmids from isolated bacterial colonies. The construct pET28a-AtGOX2 was a kind gift from Hägemann and co-workers (16) . The recombinant pET28a vectors (pET28a-AtGOX1, pET28a-AtGOX2, and pET28a-ZmGO1) were used to transform E. coli strain BL21(DE3) by electroporation.
Purification of Recombinant GOX-E. coli BL21 cells containing pET28a-AtGOX1, pET28a-AtGOX2, or pET28a-ZmGO1 were grown in 200 ml of Luria-Bertani broth to an A 600 nm of 0.4 at 37°C. GOX protein expression was induced by addition of 1 mM isopropyl ␤-1-D-thiogalactopyranoside for 20 h at 30°C. GOX proteins were purified via their N-terminal His tag using His-Select nickel affinity resin (Sigma-Aldrich) according to Hackenberg et al. (16) with some modifications. Cells were harvested and resuspended in resuspension buffer consisting of 50 mM Tris-HCl, pH 8.0 containing 1 M NaCl, 10 mM imidazole, 10% glycerol, 0.1 mM FMN, and a protease inhibitor mixture (Complete Mini, EDTA-free, Roche Applied Science) on ice. Bacterial cells were broken by three passages through a French press at 600 pascals. After centrifugation (15,500 ϫ g for 30 min at 4°C), soluble proteins were diluted to 10 ml and incubated with continual mixing for 3 h with 1.5 ml of affinity resin at 4°C. The resin was washed with 50 ml of resuspension buffer supplemented with 20 mM imidazole. His-tagged GOX proteins were then eluted using resuspension buffer supplemented with 250 mM imidazole. The first 0.5-ml elution fraction was disregarded because it did not contain recombinant protein, and the next 2.5 ml of 0.5-ml fractions was pooled to give the soluble GOX fraction that was immediately desalted through PD-10 columns (GE Healthcare) equilibrated with 50 mM Tris-HCl, pH 8.0, 20% glycerol, and 0.1 mM FMN following the manufacturer's instructions. The purity of each recombinant GOX protein was checked by SDS-PAGE (12% acrylamide) stained with Coomassie Brilliant Blue (19) . Protein concentration was determined using the Bradford reagent (Sigma-Aldrich) according to the manufacturer's instructions. Purified GOX was stored at 4°C for up to 7 days without any modification in enzymatic activity. For isotopic discrimination experiments, GOX was purified as described above except that desalting was carried out in the absence of glycerol because it interfered with the HPLC separation of glycolate.
GOX Activity Measurements-Enzyme activity was measured in 50 mM Tris-HCl, pH 8.0 with different glycolate concentrations (0.1-10 mM) and 4 g of purified recombinant GOX by an enzyme-coupled reaction at 30°C. Glycolate-dependent H 2 O 2 production was quantified in the presence of 0.4 mM o-dianisidine and 2 units of horseradish peroxidase by measuring the ⌬A 440 nm using a Varian Cary 50 spectrophotometer. GOX activity assays with stable isotopes were performed using deuterium oxide (99.9 atom % D; Sigma-Aldrich), deuterium chloride (solution 35% (w/w) in D 2 O, 99.9 atom % D; CDN Isotopes), 2,2-d 2 -glycolic acid (99.6 atom % D; CDN Isotopes). For enzyme activity measurements in heavy water (D 2 O), all reaction components were dissolved in D 2 O except for the purified recombinant GOX. In this way, the reaction mixture contained at least 95% D 2 O. Measurements were performed at pD 8, stabilized by the addition of deuterium chlo-ride, and supplemented with 10 units of horseradish peroxidase (as this enzyme was affected by D 2 O) such that H 2 O 2 conversion was always quantitative and not influenced by deuteration. Kinetic parameters were calculated by fitting the data to different equations (see "Enzyme Kinetics" below).
HPLC Purification of Glycolate and Isotopic Measurements-Five micrograms of purified recombinant GOX protein was mixed with 1 mM natural glycolate or deuterated glycolate in 50 mM Tris-HCl, pH 8.0 or with 200 M natural glycolate or deuterated glycolate in 10 mM Tris-HCl, pH 8.0, and the reaction was quenched at different times by adding 1 M HCl. Samples were lyophilized and resuspended in 100 l of distilled water. 50 l of the resulting solution was injected for HPLC (LC-1260, Agilent Technologies). Tris, glycolate, and glyoxylate were separated by anion exchange (RS Pak KC-811, Shodex) at 30°C with isocratic degassed water as the mobile phase (flow rate, 0.5 ml min Ϫ1 ). Detection was performed using a refractometer at 35°C. Glycolate amounts were determined after HPLC separation using a standard curve. The 13 C/ 12 C ratio in glycolate was measured as follows. HPLC-separated compounds were desolvated and converted to CO 2 on line by chemical oxidation (by 15% ammonium persulfate and 5% orthophosphoric acid) using a specific interface (Liquiface, Elementar), and resulting CO 2 molecules entered the isotope ratio mass spectrometer (Isoprime, Elementar) under continuous flow mode (with helium as carrier gas). A Nafion membrane placed within the interface was used to remove water generated by chemical oxidation. ␦ 13 C values were expressed relative to the standard Vienna Pee Dee Belemnite in ‰. ␦ 13 C values were calibrated using sucrose (Sigma-Aldrich) as a standard, and the ␦ 13 C value of commercial glycolate and sucrose was checked by elemental analysis coupled to isotope ratio mass spectrometry (Pyrocube-Isoprime 100, Elementar). The ␦ 13 C value was further corrected to account for concentration (isotopic non-linearity) effect using a response curve of ␦ 13 C in commercial glycolate to glycolate concentration. Such a correction was nevertheless always very small (Ͻ0.2‰), and it did not affect results to a significant extent.
Enzyme Kinetics-The reaction scheme depicted in Fig. 1 gives the following expression of velocity (10) . 
The apparent maximal velocity and Michaelis constant for glycolate (denoted as V max app and K m app , respectively) stand for kinetic parameters when reaction kinetics are fitted to a simple (non O 2 -dependent) Michaelis expression, i.e. v ϭ V max app S/(K m app ϩ S). V max app and K m app were simply obtained using a classical hyperbolic fit of experimental curves using SigmaPlot (Systat Software Inc.). Actual kinetic parameters (k cat ϭ k 3 , K m , and K o ) were obtained by step-by-step fitting of experimental data, i.e. by performing multiple hyperbolic fitting at fixed k cat values and choosing the best set of kinetic parameters that minimized the sum of squares (residuals). Solving simultaneously all parameters by numeric optimization of the linearized equation.
with the Excel solver software (Microsoft) yielded the same results. The knowledge of k 3 allows the calculation of k 2 because the commitment factor c ϭ k 3 /k 2 is determined using isotope effects (see below), and therefore k 1 and k 5 can be determined using Equation 2. Isotope Effects-1 H/ 2 H isotope effects were calculated using the ratio of kinetic parameters (described below) obtained with either the natural or the deuterated substrate/solvent. 12 C/ 13 C isotope effects were calculated from the time course of the 13 C/ 12 C ratio in glycolate using the Rayleigh relationship.
where f is the fraction of consumed glycolate, R 0 is the 13 C/ 12 C ratio of glycolate at t ϭ 0 (before the reaction commenced), and R t is the 13 C/ 12 C ratio of glycolate at time t. f was determined using glycolate quantitation by HPLC (the same result was obtained with the mass 44 signal on the isotope ratio mass spectrometer. The observed KIE on the effective reaction rate is denoted as ␣ V/K and is given by Equation 5 .
where l is light and h is heavy substrate. The KIE on maximal velocity is given by Equation 6 .
The kinetic isotope effect on apparent turnover (V max app ) is given by Equation 7 .
where ␣ i is the intrinsic isotope effects associated with k i (ϭ light k i / heavy k i ), and thus,
In what follows, superscripts "13" and "D" attached to the symbol ␣ refer to 12 
Because the 12 
RESULTS
Steady-state Kinetic Parameters of Recombinant AtGOX1, AtGOX2, and ZmGO1-Arabidopsis GOX1 and GOX2 (C 3 plant) and Z. mays GO1 (C 4 plant) were expressed as N-termi-nal His-tagged proteins in E. coli. His-GOX proteins were purified by affinity chromatography (Fig. 3) , and their identity was confirmed by mass spectrometry (data not shown). The presence of higher molecular mass proteins was occasionally observed (as seen in Fig. 3) ; however, it should be noted that their presence did not modify the measured kinetic parameters. For each GOX tested, their catalytic activities were measured over a range of glycolate concentrations (0. 1). There were no significant differences in the fitted kinetic parameters between GOXs from C 3 and C 4 species with natural glycolate as a substrate (Table 1 ). Our different GOX proteins exhibited k cat (k 3 ) values from 30 to 34 s Ϫ1 and K m values from 0.22 to 0.30 mM as reported for recombinant GOX enzymes from plants and animals examined so far (10, 11, 13, 14, 20, 21 Table 2 . We found a KIE on turnover, D ␣ V , of about 2 and a KIE on catalytic effectiveness, D ␣ V/K , of about 4 for each of the three GOX enzymes. All of these KIE values are significantly different from unity (p Ͻ 0.05). In other words, the KIE on the turnover rate was larger than that on catalytic effectiveness, suggesting that catalytic steps prior to glycolate deprotonation itself (k 3 ) were associated with a KIE (rate constants k 1 and k 2 ; Fig. 1 ). The ; see also "Discussion"). The SIE on turnover, D2O ␣ V , was within the range of 1.2-1.6 for all three GOX enzymes and was significantly different from unity (p Ͻ 0.05). The rather modest SIE suggests that within the active site exchangeable protons were not primarily involved in proton abstraction from glycolate but rather involved in weak bonds (secondary isotope effect) in the active site. Interestingly, D 2 O␣ V/K values were always very close to unity, suggesting that D 2 O also affected steps prior to proton abstraction (k 2 and k 1 ) so that substrate binding appeared to be tighter in heavy water. The 13 C/ 12 C KIE in the GOX reaction for all three enzymes is shown in Table 3 . The carbon isotope composition of glycolate (␦ 13 C) was determined at different experimental times along the reaction by acid quenching followed by HPLC-co-isotope ratio mass spectrometry. The 13 C/ 12 C KIE was calculated with Equation 6 (Rayleigh's equation) and recalculated (fractionation ␣ Ϫ 1 multiplied by a factor 2) to convert to a positional isotope effect (rather than a molecular average-based isotope effect). In other words, we assumed here that only one carbon atom position (C2) in glycolate was responsible for the 12 C /13 C KIE and that the secondary KIE on the C1 atom position was negligible. We thus found a KIE value on the turnover rate 13 ␣ V of around 1.045 and a value on the catalytic effectiveness 13 ␣ V/K of around 1.019 for all three enzymes ( Table 3 ). The fact that the KIE on V/K (effectiveness) was smaller than that on V (turnover) suggests that deprotonation (k 3 ) was partially rate-limiting. Quite remarkably, 12 C/ 13 C KIEs (both 13 ␣ V and 13 ␣ V/K ) increased (the fractionation was doubled) when deuterated glycolate was used as a substrate, suggesting that the 13 C/ 12 C KIE originated from chemical events associated with glycolate deprotonation.
Conditions
DISCUSSION
Recombinant GOX from C 3 and C 4 Plant Species Share Similar Kinetic Properties-Previous studies have shown the K m for glycolate of leaf-purified GOX of C 3 species to be higher than that of C 4 species (see the Introduction). This could reflect the low photorespiratory activity in C 4 species as compared with C 3 species and therefore the requirement of a lower K m for glycolate to allow a sufficient GOX activity in C 4 species. In this work, recombinant His-tagged GOX enzymes from A. thaliana (C 3 species) and Z. mays (C 4 species) were compared ( Table 1 ). The obtained kinetic parameters agreed with previous K m(glycolate) values from plant-purified GOXs (0.3 mM in pumpkin cotyledons (13) and P. sativum leaves (14)) and recombinant mammalian GOX (0.32 mM in human (20) ). Our different plant GOX proteins also exhibited k cat values similar to those found in the literature (27 s Ϫ1 for purified pumpkin cotyledon GOX (14), 20 s Ϫ1 for recombinant spinach GOX (10), and 15.6 and 24 s Ϫ1 for purified and recombinant human liver GOXs (11, 21) . Therefore, our GOX proteins appear to be fully functional. It is possible that the differences in K m values reported in the literature arise from differing degrees of protein purity, the method used to purify each protein, and/or the presence or absence of heteromeric GOX protein complexes. However, it is also possible that they reflect a differential post-translational modification occurring only in plant-purified GOX proteins from C 3 and C 4 plant species. To date, two post-translational modifications for GOX proteins have been reported: nitrosylation (which inhibits GOX activity (23)) and phosphorylation (see Ref. 24 and the PhosPhAt database). In fact, the recombinant proteins used in this work were found to be neither phosphorylated nor nitrosylated (using mass spectrometry; data not shown).
Does GOX Catalysis Follow a Hydride Transfer Mechanism?-Two scenarios (see the Introduction and Fig. 2 ) have been described in the literature to describe the catalytic mechanism of ␣-hydroxy-acid oxidase family members: a mechanism involving a carbanion (stepwise mechanism) and a hydride transfer (concerted but maybe asynchronous mechanism). Structural data of Aerococcus viridians lactate oxidase led to the proposal of a hydride transfer mechanism (25) . With the recent advances in the use of stable isotopes ( 15 N, 13 C, and 2 H), the measurement of KIEs in bond cleavage have also provided evidence mostly in favor of a concerted hydride transfer in flavoprotein catalysis (26) . The 14 N/ 15 N isotope effects associated with Ser oxidation by D-amino-acid oxidase, sarcosine oxidation by N-methyltryptophan oxidase, and alanine oxidation by tryptophan 2-monooxygenase suggested a concerted proton abstraction mechanism for these reactions (27) (28) (29) . In the case of serine oxidation by D-amino-acid oxidase, there is a KIE (corrected for the isotope effect of deprotonation of -NH 3 ϩ ) of 0.996 (i.e. 4‰ against 14 N), consistent with the production of a CϭNH 2 ϩ intermediate rather than a carbanion (C Ϫ -NH 2 ) (27) . Similarly, a hydride transfer mechanism has been demonstrated in tryptophan 2-monooxygenase (28) . In flavocytochrome b 2 (an ␣-hydroxy-acid oxidase family member), the modest isotope effect with [ 2 H]lactate suggested that substrate deprotonation was only partially rate-limiting, which is not strictly compatible with a carbanion-based mechanism. However, the fact that there was no solvent isotope effect (H 2 O/ D 2 O) on flavin reduction suggested that cleavage of the O-H bond was not a critical chemical event to initiate the reaction, that is is probably not required for C-H bond cleavage, thereby suggesting that a carbanion intermediate was plausible (30) . With that said, the hydride transfer mechanism was given further support by the characterization of the Tyr-to-Phe mutant, which exhibited both a large KIE (with [ 2 H]lactate) and a significant solvent isotope effect, demonstrating the interdependence of C-H and O-H cleavage (34) . Therefore, we find arguments for and against a hydride transfer mechanism in flavoprotein oxidases, and critically, no specific studies had been carried out using GOX as an enzyme model. Previous works have suggested the reductive half-reaction to be ratelimiting (10) , but the question of the energetics and the nature of the transition states in glycolate oxidation remained uncertain. Here, we investigated the reaction mechanism of plant GOX by taking advantage of 12 C/ 13 C and hydrogen/deuterium isotope effects ( Table 2 and 3). Because of the conserved structure and residues involved in the active site of plant (6, 12, 22) and mammalian (9) GOX enzymes, our conclusions concerning the catalytic mechanism (see below) are probably true also for the closely related mammalian enzyme.
In all GOX proteins assayed with [ 2 H]glycolate, we found a rather modest KIE on maximal velocity, D ␣ V , between 2 and 2.7 ( Table 2 ), suggesting that proton abstraction (k 3 ) was only partially rate-limiting. In addition, the KIE on effectiveness, D ␣ V/K , was approximately double the D ␣ V (values between 3.3 and 4.8). This suggests that glycolate binding itself is also associated with a significant isotope effect (inverse isotope effect on K m , Ϸ0.6), meaning that the formation of the Michaelis complex was associated with a strong change in the geometry of glycolate. Alternatively, other reversible steps following substrate binding and prior to glycolate deprotonation may take place (substrate "preprocessing" before the catalytic step, k 3 ), implying an alteration of the C ␣ -H force constant. The chemical events responsible for the isotope effect at this hydrogen atom position in such early reaction steps are still to be elucidated. Under the assumption that substrate preprocessing/repositioning occurs during or just after binding, specific residues of the active site are expected to have key roles in determining both K m and k cat because incomplete preprocessing/repositioning would impede subsequent catalysis. In fact, such residues seem to occur in the GOX active site. In the spinach enzyme, Trp 108 has been found to be important for both substrate binding and catalysis: when Trp 108 was replaced by Ser, the enzyme exhibited a very low K m(glycolate) (about 100-fold lower) and very low k cat values with various substrates (glycolate, mandelate, lactate, and 2-hydroxybutyrate) (12) . This residue is located in the substrate pocket (close to FMN) and is not conserved in hydroxy-acid oxidases and dehydrogenase flavoproteins. It is believed that amino acids in this position have a side-chain length adapted to the size of the substrate (7, 12) so that substrate binding is adequately tight and associated with possible changes in geometry, thereby facilitating subsequent catalysis (glycolate oxidation). Active site preorganization has been presumed in a similar reaction catalyzed by choline oxidase, consisting in O-H stretching in the ␣-hydroxyl group to facilitate proton abstraction in subsequent steps (32, 33) .
Regardless of the chemical events involved prior to glycolate oxidation itself (k 3 ), the fact that the latter did not appear to be strictly rate-limiting does not agree with a carbanion-based mechanism, which would have implied a large V/K kinetic isotope effect (rate-limiting formation of a dissociative transition state; for reviews, see Refs. 26 and 31) . Furthermore, one may take advantage of carbon isotope effects ( 13 ␣ V and 13 ␣ V/K ; Table  3 ) to compute the commitment factor associated with k 3 . Using Equation 8, we found a commitment factor, k 3 /k 2 , of Ϸ1.3 and 1.1 with natural and deuterated glycolate, respectively. In other words, the deuterium substitution in C2 had a negligible effect on the kinetic commitment associated with k 3 , also indicating that the formation of a carbanion is highly unlikely. It thus appears more plausible that the transition state associated with glycolate oxidation does not imply a substantial change of the C2 geometry (formation of a charged species) but rather involves a concerted bond rearrangement with O2 (hydroxyl) and N5 (FMN). It should also be noted that there was an SIE on k 3 , suggesting that exchangeable protons were somehow involved in that chemical step. This effect is more consistent with a hydride transfer mechanism simply because the hydroxyl proton in Tyr residues is exchangeable with the solvent. Exchange rates in Tyr residues buried in enzyme active sites are about 9 s Ϫ1 (35) , that is 3 times slower than the turnover rate. Therefore, during enzymatic assays in D 2 O, Tyr residues happened to be only partially deuterated, causing a modest isotope effect. Under the hydride transfer hypothesis, if we assume that about one-third of Tyr residues were deuterated and that the secondary KIE associated with hydrogen/deuterium substitution at Tyr 129 is near 2, we would expect an SIE of about 1.3, which falls within the observed range. By contrast, under the carbanion hypothesis, no significant solvent isotope effect would be expected on k 3 simply because no Tyr residue primarily participates in bond rearrangements in O2. We nevertheless recognize that other effects may have contributed to the observed SIE such as an effect of solvent viscosity, which is indeed higher in heavy water (36) . In fact, recombinant human liver GOX has lower k cat and k cat /K m values in a more viscous solvent such as glycerol (21) . Also, three water molecules have been reported to participate in the catalytic site architecture in recombinant spinach GOX, and their presumed role is to maintain the H-bond network around FMN in the absence of glycolate (6, 37) . Therefore, their replacement by D 2 O might affect substrate binding. Here, we observed a tighter glycolate binding (normal SIE on K m ), suggesting that the H-bond network was altered in the presence of D 2 O.
Kinetic Energy Profile of the GOX-catalyzed Reaction-To gain insight into the effectiveness of GOX catalysis, we took advantage of the KIE values obtained here to compute commitment factors and therefore generate a kinetic energy profile of the reaction (38) . Under the assumption that kinetic constants are given by k ϭ k B T/h⅐exp(Ϫ⌬G/RT), the ratio of two rate constants k i and k ii gives the difference in free energy: RT⅐ln(k i / k ii ) ϭ ⌬⌬G ii Ϫ i . Using our KIE values, the kinetic profile of the reaction was reconstructed with the energy barrier of one step fixed at a certain value (for a recent similar example on Rubisco, see Ref. 39 ). The effective free energy barrier of the turnover rate (k cat ϭ k 3 ) is assumed to be 44 kJ mol Ϫ1 (10.5 kcal mol Ϫ1 ) considering the apparent activation energy (E a ) on GOX velocity (using data obtained at different temperatures (20, 40) ). This value is in agreement with E a values obtained for similar enzymes: 46 kJ mol Ϫ1 for lactate oxidase (the ancestor of GOX (2)) and 56 kJ mol Ϫ1 for D-amino-acid oxidase (41, 42) . The k 3 itself corresponds here to the turnover rate at saturating glycolate and was found to be near 31 s Ϫ1 . It should be noted that we assumed glycolate reprotonation (reverse reaction) to be negligible (k 4 Ϸ 0). In fact, enzyme catalysis proceeds forward (FMN reduction by glycolate) even in the absence of dissolved O 2 , indicating that glycolate oxidation is irreversible (10). As stated above, the 12 C/ 13 C KIE indicated that the commitment factor k 3 /k 2 was near 1.3, and thus k 2 was about 23 s Ϫ1 (Fig. 4 ). Using this value and K m allowed us to compute k 1 S (where S is glycolate concentration), which was found to be near 44 s Ϫ1 at 0.2 mM glycolate (physiological concentration). Thus, no specific step of the reductive half-reaction appeared to be rate-limiting because rates were all within the same order of magnitude. By contrast, the oxidative half-reaction appeared to be rapid because k 3 /k 5 [O 2 ] was about 0.1-0.2 (Table 1) . In other words, the reductive half-reaction was limiting when compared with the oxidative half-reaction, but no specific step within the reductive half-reaction was strictly rate-limiting. Unsurprisingly therefore, there was no large difference in energy barriers along the reductive half-reaction. The overall reaction was driven by the free enthalpy drawdown (redox equilibrium at physiological concentrations) ( Fig. 4) .
Intrinsic isotope effects associated with each elementary step were found to be within the 2.0 -3.2 range with no step that fractionated highly against 2 H (KIE of 4 or above) (Fig. 4) . Because in hydrogen transfer events KIE is expected to be maximal when the transition state is symmetrical (for a practical example on formate dehydrogenase, see Ref. 43) , the KIE on k 3 observed here (2.4) rather suggests a late transition state associated with glycolate deprotonation. Accordingly, the relatively high intrinsic 12 C/ 13 C isotope effect of about 1.045 suggests that deprotonation is not the sole chemical event occurring in step k 3 because a simple C-H bond stretching (wave number, Ϸ3000 cm Ϫ1 ) is expected to be associated with an intrinsic KIE of about 1.025. A simultaneous rearrangement of the hydroxyl group (to a CϭO bond) and hydrogen abstraction in the transition state, indicative of a concerted hydride transfer, is thus likely. Rather similar situations with the same order of magnitude for the carbon isotope effect (Ϸ1.040) involving similar chemical rearrangements (carbonyl formation along hydride transfer at C1 in the glucose dehydrogenase (44) or formate dehydrogenase (45) reactions) have been found. We nevertheless recognize that in Fig. 4 the formation of a late transition state is not associated with a high energy barrier. In this figure, the profile was reconstructed using the apparent energy barrier associated with k 3 (temperature-response curves reported in the literature; see above), and this should be examined further in future studies. Uncertainty also remains as to whether the reaction proceeds via a hydrogen tunneling as found in the similar reaction of choline oxidase (see Ref. 33) and suggested by the irreversibility of glycolate deprotonation. Future studies are thus warranted to explore the temperature response of 1 H/ 2 H KIE and the value of Eyring pre-exponential factors to determine whether the transition state is classical or consistent with hydride ion tunneling.
In conclusion, by measuring kinetic isotope effects, it is shown that the short-chain ␣-hydroxy-acid oxidase GOX reaction mechanism involves a hydride transfer mechanism, thereby strengthening the idea that this mechanism is common to ␣-hydroxy-acid oxidase family members. Interesting, the analysis of our data suggested that glycolate deprotonation was only partially rate-limiting and that the formation of the substrate-enzyme complex was also an important limiting factor. Such data could be useful to help design drugs and/or herbicides. Indeed, our KIE values could be applied to compute steric and electronic maps for the transition state of the GOX reaction (46) . This would allow the synthesis of stable transition state analogs that are powerful enzymatic inhibitors. Inhibition of GOX has been considered as a possible treatment for several For rates that depend upon substrate concentration (k 1 S and k 5 O), we assumed a value of 0.2 mM. This profile was drawn assuming that the energy barrier associated with k 3 was 10.5 kcal mol Ϫ1 (see text). S, glycolate; O, dissolved O 2 ; P, glyoxylate. The overall reaction is shown to be exergonic due to the redox potential EЈ 0 of glyoxylate/glycolate (Ϫ92 mV) and O 2 /H 2 O 2 (ϩ295 mV) couples.
oxalate-mediated diseases in humans such as hyperoxaluria and renal lithiasis (47) and in plants as a target for herbicide action (48) . Mutants of photorespiratory enzymes are non-viable in air, exhibiting severely stunted growth and chlorotic leaves (e.g. Ref. 49 ). This has been seen for the go1 (GOX) mutant of Z. mays (17) . In the case of plant photorespiratory GOX, because of the similarity in enzymatic parameters, KIE values, and reaction mechanism of both C 3 and C 4 plant enzymes, a transition state analog herbicide would not be selective (that is, it would not be possible to design a specific herbicide to eliminate C 3 weeds only in a maize field), but it could rather be used as a general weed killer. Interestingly, the introduction of a photorespiratory glycolate bypass in the chloroplast by the expression of several transgenes (50, 51) has led to increases in Arabidopsis biomass (see Ref. 50 ) and potato tuber yield (51) . By inhibiting GOX activity in such plants, it might be possible to further improve the observed transgenic effects on yield by increasing the flux through the bypass.
Furthermore, stable carbon isotopes at natural abundance have been used over the years to examine physiological, ecological, and geochemical processes. It is possible to exploit ␦ 13 C in metabolites to calculate metabolic fluxes; however, to undertake such an approach, it is crucial to know the isotopic fractionation of each enzymatic reaction during a given biochemical and biophysical process (see Ref. 52 and references therein). The fact that in vitro plant GOX activity leads to an isotopic discrimination at natural abundance as observed in this work (Table 3 ) means that the ␦ 13 C of glycolate (and/or glyoxylate) of leaf extracts could be tested to calculate in planta photorespiratory fluxes.
